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ABSTRACT 

We have determined the sea quark distributions of the proton by 

using recent data on meson production in the proton fragmentation region 

in high energy proton-proton collisions. We find that the magnitude of 

the sea distributions in hadron reactions is larger than the sea measured 

in lepton experiments. We interpret this enhancement as due to the 

additional contribution of quark-antiquark pairs created in the initial 

hadron collision. From our determination of the sea quark distributions 

we are able to predict a number of particle ratios in single particle 

inclusive production in p-p collisions. In addition, we have calculated 

the production cross section for low mass muon-pairs by the Drell-Yan 

mechanism and have obtained good agreement with experiment. 

Operated by Universities Research Association Inc. under contract with the Energy Research and Development Administration 
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1. INTRODUCTION 
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Deep inelastic lepton-nucleon scattering data allows one to 

determine the up (u(x)) and the down (d(x)) quark distributions within 

the proton. However these data do not permit an equally precise 

determination of the sea quark distributions. 1 
Forthcoming data on 

the production of high mass muon pairs interpreted by the Drell-Yan 

model should provide a determination of the sea quark distributions 

averaged over quark flavors, but will not allow the sea quark 

distributions for individual flavors to be ascertained. 

Recent phenomenological work applying the quark-parton model 

to single hadron inclusive production in high energy p-p collisions in 

the low pT region has been done. 2,3 This empirically motivated work 

employs a quark recombination model which permits the effective sea 

quark distributions to be determined with a greater sensitivity than 

that of deep inelastic lepton scattering. We have used this model and 

recent data4 on inclusive single meson production in p-p collisions in 

the proton fragmentation region to determine the sea quark distributions 

in the proton. 

In Section II the quark recombination model is reviewed. Our 

determination of the sea quark distributions is presented in Section III. 

With these sea quark distributions, we give predictions for various 

additional particle ratios in Section IV. In Section V we discuss our 

results, and a summary is presented in Section VI. 
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II. QUARK RECOMBINATION 
IN THE FRAGMENTATION REGION 

Ochs has demonstrated2 a striking empirical similarity between 

the measured IT+/~- ratio in the proton fragmentation region of p-p collisions 

a&the u/d quark ratio measured by deep-inelastic lepton scattering. 

This observation implies that in r+ production in p-p collisions, the u 

quark in a fast r+ should be one of tne original valence u quarks in 

the incident proton. Similar arguments hold for the d quark in TT- 

production. Hence low pT single hadron production at high energies 

gives information on the constituent structure of the initial protons in p-p 

collisions 0 

It is widely believed that hadron production in e+e- colliding 

beam reactions and deep inelastic lepton reactions in the current 

fragmentation region proceeds via a quark fragmentation mechanism.’ 

(See Fig. la). Das and Hwa’ were able to calculate the absolute 

magnitude of this process and have shown that quark fragmentation 

cannot contribute more than about 1% of the single meson production 

cross section at low pT and large x. This result led them to consider 

a quark recombination mechanism5 for single meson production. In 

this quark recombination model, a pion produced at large x should be 

initiated by a quark whose momentum is also large. Since only valence 

quarks are believed to have a significant probability for being found at 

large x, the high momentum quark in pion production must be one of 
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the valence quarks of the initial hadron. This fast quark then picks up 

a slow antiquark from the sea by a quark-antiquark recombintation 

process to emerge as a meson (Fig. l(b)). Hence single pion inclusive 

production at large x and small pT is sensitive to the probability for 

finding a quark-antiquark pair with the right quantum numbers. 

In the model of Das and Hwa3 the x distribution of single meson 

production is given by 

where x 1 and x 2 are the q and q x-values, F(xl, x2) is the q - 9 joint 

momentum probability distribution function and R(xl, x2# x) is the q - q 

recombination function. Das and Hwa assume 

Wxfx2) = F (x 1 F-(x 
q1 cl2 

) p,(l -x1 -x2), (2) 

where for example FJx) = xu (x) is the u-quark momentum probability 

distribution, and p,(l -x - x2) is a phase space factor. They also take 
1 

x1 x2 
(3) 

With these assumptions, one obtains 



-5- FERMILAB-Pub-77/95-THY 

X 
1-X 

HM(X) = P - “MM x J dxi Fq(xl) F.&x - x1) 0 (4) 
0 

Clearly several approximations are involved in Eqs. (2) and (3). 

In particular the phase space factor p 
hit 

l-x l-x2) can only be approximately 

correct, since it does not allow the joint quark distribution to be 

integrated to regain the known single quark distributions. 
6 

We reduce 

our sensitivity to this approximation by focusing our analysis on 

particle production ratios where the phase space factors cancel. 

The constraint x=x1+x2, expressed by the delta function in Eq. (3), 

implies that the recombination is exclusively a two-body process. As 

noted by Das and Hwa, 
3 

this assumption does not mean that the final 

observed pion does not contain sea partons. Presumably the 

pion sea is built in a relatively long time interval after the recombination. 

We expect the contribution of many-body recombination to be small, 

except for x very near 1, when it leads to the Regge behavior. 
6 

For 

reference we have listed in Table I formulas for tne explicit particle 

ratios that we use in our analysis. We note for example that the ~+/IT- 

ratio depends on the ratio of the integrals 

[ F (x1) F$x -x1) dxl/jF 
0 d 

(x) 
0 J 

FJx -xi) dxi. 

Hence for a steeply falling sea distribution, the ratio of these integrals 

became approximately QJF~(x)F~(o)/F~(x)F;(o) Q u(x)/d(x). Hence, 

we regain the empirical observation of Ochs. 
2 
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III. DETERMINATION OF THE SEA -QUARK DISTRIBUTIONS 

The procedure which we used for determining the sea quark 

distributions Fa(x), Fd(x), Fs(x), and FS(x) was to fit the data on four 

particle production ratios to the functions given in Table I. We begin 

by making several plausible assumptions in the model of Das and Hwa. 

1. We take the phase space constants PM to be equal and therefore 

independent of the particle species. (We also take the phase space 

dependence (1 - x1 - x2) for each particle species). 

2. We assume the constants CY Mto be equal and hence take the quark- 

antiquark recombination process to be independent of particular flavor 

combinations. 

3. For the functions Fu(x) = xu(x) and Fd(x) = xd(x) we use the Field-. 

and Feynman valence quark distributions’ plus our own sea quark 

distributions. We have done this by subtracting the Field-Feynman 

sea distributions from their fits to xu(x) and xd(x) and adding our, own 

sea distributions to this. We adopt a simple form for the sea 
n 

distributions, namely xu(x) .: x;(x) = uo(l-x) u, xd(x) = xd(x) = do(l-x) nd , 
n 

and xs(x) = x;(x) = so(l-x) ‘. We therefore have the constants uo, do, 

so and the exponents n , n 
u d’ and ns to determine using the particle 

ratio data. 

Let us consider whatmagnitude to expect for the constants uo, do 

and s 
0’ 

For the quiescent proton probed by the photon in deep-inelastic 

lepton scattering, these constants are known to lie in the approximate 



-7- FERMILAB-Pub-77/95-THY 

range 0.1-O. 3. However we also know from the momentum sum rules 

that approximately 50% of the momentum of the proton is carried by 

neutral partons, presumably (colored) vector gluons. These gluons 

must contribute in some major way to the meson production. There are 

essentially two possibilities: 

1. The gluons fragment directly to mesons (Fig. lc). This process 

must be similar in magnitude to quark fragmentation, and hence is ruled 

out be the data. 

2. The gluons create qq pairs in the proton sea, and the recombination 

mechanism gradually depletes this enhanced sea population as illustrated 

in Fig. Id. In this manner all the momentum in the neutral partons is 

eventually converted to sea qq pairs and hence to mesons. Clearly the 

time scale for this rearrangement must be fairly long. Thus we might 

expect to find the constants u d 0’ 0’ 
and so of sufficient magnitude to 

account for nearly all of the proton momentum. Indeed, we will show 

that the data actually forces us to this conclusion. 

In Fig. 2 we have plotted the IT+/~- ratios from FERMILAB 

and ISR7’ 8 
::: :I: 

as a function of the radial variable x R defined as E /Emax) 

::: 
where E = energy of the detected particle in the c. m. frame and 

ELax = 
maximum energy available tothat particle in the c. m. frame. 

The invariant cross sections for single particle inclusive reactions 

have been shown to scale over a wider range when this scaling variable 
::: 

is used then when the Feynrnan scaling variable x = ZP,, / 6 is used. 9 
II 



-8- FERMILAB-Pub-77/95-THY 

However, since we are concerned with the low pT-high energy region 

XR= ix,& and our results are not sensitive to the distinction between 

xII 
andx 

R 
in this kinematic range. 

Referring to Table I, we see that for large x the magnitude of the 

.rr+/ IT- ratio is controlled by the do/u0 ratio, and the shape is controlled 

by nd and nu. The curves shown in Fig. 2 are obtained by taking uo=do 

(consistent with the isosinglet nature of the Pomeron) and various values 

of nu=n d . We see that nu=nd=8*l gives an adequate fit 0 

Although the parameters n u and nd are determined quite precisely 

by the data under our simplifying assumptions, our results may systematically 

be changed by using other parametrizations of the valence quark 

distributions. 
10 

For example, a parameterization constraining 

xd(x) Q (l-~)~ for large x lowers the best fit value of nu=nd by 1 unit. 

Recent measurements 11 at the ISR of the =+/IT- ratio have yielded 

results somewhat larger than the data of Johnson et al. 
4 

We find that 

the values nu=nd=10 will accommodate the ISR. data. However, we stress 

that for a given set of data and valence quark distributions, our method 

allows a very precise determination of the sea quark distributions. 

Now consider the K+/K- ratio shown in Fig. 3. Referring to 

Table I, we see that the magnitude of the ratio depends on u. and the 

shape depends on n 
S 

if we consider nu=nd=8 fixed by the IT+/IT- ratio. 
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A gocd fit is obtained by setting uo=do=l. 2 and ns=50 75, We estimate 

the uncertainty in u. to be no more than f 10%. The data favor a value 

of ns less than n =n 
u d’ although the case ns=n u=nd cannot be definitely 

ruled out. 

The r-/K- ratio is shown in Fig. 4. Referring to Table I, we 

see that the shape of this ratio is determined by the relative shapes of 

the d and s quark structure functions. Since the n-/K- ratio rises 

with increasing x, it follows that ns > ‘4. The value ns=5* 75 determined 

above adequately describes the ratio if we take so=O. 135 (*O. 015). 

We have plotted the data and theory for the r+/K+ ratio in Fig. 5, 

although both are entirely determined by the previous three ratios. 

Nevertheless it is interesting to observe the fall of the ratio with 

increasing x 
R’ 

This decrease of the calculated IT+/K+ ratio is due to 

n <n =n 
s u d’ 

A note of caution is necessary concerning the IT/K ratios. Data 

at higher pT 
12 

show smaller values of these ratios than data at low 

PT’ 
and therefore these ratios are not functions of xR(or x,, ) alone. We 

have therefore restricted ourselves to fitting data on the TT/K ratios at only 

low PT. Furthermore, it is clear that resonances may also affect 

the r/K ratios at small xR. These effects are discussed in Section V. 

Even though the phase space factor of Das and Hwa3 canceled in 

the particle ratios, the individual single particle distributions of the model 
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(eq. 4) do agree reasonably well with the data. This comparison is 

shown in Fig. 6. A summary of our fits to the quark distributions is 

given in Table II. The quark distributions are plotted in Fig. 7. 

IV. PREDICTIONS 

With the quark distributions now determined we are now able to 

predict the final three ratios listed in Table I. We require I\/s 2 10 GeV 

where radial scaling has been shown to hold, and we expect these ratios 

to be accurate at least for xRZ 0.5. 

In Fig. 8 we plot the model predictions for the ratios IT+/K~, 

.rrO/ll, and K+/K;e We note that the r+/Kz ratio rises for increasing 

XR’ 
From Table I we see that this ratio is controlled by the u(x)/d(x) 

ratio at large x R. Hence the IT’/K~ ratio should follow the nflrr- ratio. 

The ITO/~) ratio is calculated to be approximately equal to 3. This is 

expected since ss recombination is small relative to u; and dd 

recombination. For large xR 2 0.5 the a’/~ ratio prediction is still 

approximate since the Das-Hwa model does not allow for To-mesons 

resulting from TV decays. Of course for small xR, we expect the 

IT’/~ ratio to exceed 3 due to,the strong contribution of resonance 

decay to the 7~’ cross section. The behavior of the K’/K: ratio is 

expected to closely follow the behavior of the IT 
+ 

/rr- ratio since it is 

again controlled by the u(x)/d(x) ratio,, 
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V. DISCUSSION 

A. Momentum Sum Rules 

We have found the sea quark x-distributions in the proton by using 

the quark-antiquark recombination model of Das and Hwa. ’ An interesting 

result is the large amount of u-i and d-d sea quarks which we find 

necessary to fit the data. As we have discussed, this phenomenon is 

not unexpected. We interpret this enhancement of the sea to imply that 

there is a significant contribution of the gluons which carry half the proton 

momentum to the sea quark distributions. This contribution takes place 

by the gluons converting to qq sea pairs and then to mesons. Our analysis 

la& to the following amounts of momentum carried by the various partons: 

1 
xu(x)dx = 0.403, 

/ 

1 
xd(x)dx = 0.257, 

0 

/ 1 
xii(x)dx = 

I 1 
xd(x)dx = 0.133, 

0 0 

/ 

1 

/ 

1 
xs(x)dx = xS(x)dx = 0.020, 

0 0 

which accounts for 96.6% of the total proton momentum. We regard 

this nearly total saturation of the proton momentum sum rules as strong 

support for our intrepretation of the gluons converting to q - Zj pairs thereby 

giving a large contribution to meson production at low pTa 
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B. Low Mass Dileptons 

Landshoff and Polkinghorne 13 
and Bjorken and Weisberg 14 

have 

suggested that low mass dilepton production should be calculated within 

the Drell-Yan parton model framework by including the extra wee partons 

that are produced in hadron collisions. Thus, we believe that the very 

enhanced sea quark distributions that we find by analyzing hadron frag- 

mentation data should be quite relevant in the production of low mass 

dileptons D 

We have calculated the standard Drell-Yan prediction for y-pair 

production at 225 GeV/c using the original Field-Feynman sea distri- 

butions’ and the enhanced sea distributions we have determined. The 

results are shown in Fig. 9, where we notice that our enchanced sea 

distributions lead to striking agreement with the datat5 This suggests 

that the enhanced quark-antiquark sea, operative in the meson production 

by quark recombination, also produces a large amount of muon-pairs by 

quark-antiquark annihilation. 

We note that an extrapolation of our enhanced sea calculation to 

high mass pairs is much larger than the observed p-pair yield. In 

fact, the observed yield is predicted quite well by the standard amount 

of sea quarks. Presumably this means that low mass pairs are pro- 

duced in the long time interval characteristic of ordinary hadron pro- 

duction, while high mass pairs are produced in a very short time inter- 

val. A complete understanding of the transition from the long the scale 
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process operative in the low mass region to the short time scale process 

operative in the high mass region would be .very interesting, but is 

unfortunately presently unknown to us. 

C. Resonance Contributions 

The model of Das and Hwa3 has made no explicit provision for the 

effect of resonances on single particle inclusive production. However, 

the parent-child relationship suppresses resonance decay contributions 

to inclusive spectra for xR2 0.5. Therefore, we believe that our cal- 

culations are most relevant in this large x R kinematic range, as we 

have emphasized in the analysis. 

The effects of resonances are most strongly felt in the low xR 

region. For example, if we consider the effect of vector resonances 

produced with the same cross section as pseudoscalars, then obviously 

the magnitudes and shapes determined for our sea distributions will 

change 0 However, in our analysis we have emphasized as far as possi- 

ble the data of large xR in the determination of the sea parameters. 

For example, the magnitude of the K+/ K- ratio for xR 2 0.5 conclusively 

implies an enhancement of the nonstrange sea, although the exponents 

nu and u d 
might vary as much as one unit from the favored value 8. 

The effects of resonances should contribute most strongly to the 

r/K ratios at small x R’ 
We estimate that by including resonance pro- 

duction, we could force ns = nu and so/u0 = 0.5. 
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VI. SUMMARY 

The particle ratios in the model of Das and Hwa3 provide a 

sensitive method for determining the quark sea distributions in the 

proton. This work may obviously be extended to incident pion, kaon, 

16 and hyperon beams. We also speculate that quark recombination and 

the enhanced sea may be important in the understanding of particle 

production in hadron-nucleus collisions. We find that the effective 

sea quark distributions relevant to single particle production is enhanced 

by a factor 10 over the sea determined in lepton experiments. We 

interpret this enhancement to follow from the significant contribution 

of the conversion of gluons to quark -antiquark pairs. We find that the 

data require sea quark distributions, which with the known valence 

quark distributions, essentially saturate the proton momentum sum 

rule. We have predicted other particle ratios for xRz,O. 5. Using the 

enhanced sea leads to good agreement with low mass muon-pair 

production in the Drell-Yan model. 

In conclusion, we note that hadron production in the fragmentation 

region is a very useful probe of the quark structure of colliding hadrons. 

Therefore, more detailed and sophisticated investigations along these 

lines are likely to be especially fruitful and rewarding.” 
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TABLE CAPTIONS 
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The formulae for various particle ratios are 

listed from the model of Das and Hwa (Ref. 3). 

The functions Fq(x) are the probabilities for 

finding a quark q with a momentum fraction x 

of the proton. For example F,(x) = xuv(x) 

+ xu seatx) ’ 
where xuv(x) is the valence sea 

distribution determined by Field and Feynman 

(Ref. 1) and xu 
sea (x) is the sea distribution 

determined by this analysis, 

The results of our fits to the sea distributions are 

given. xuv(x) is the valence distribution from 

Field and Feynman (Ref. 1) etc. We see that the 

x dependence of the strange sea is less steep than 

the x dependence of the nonstrange sea. 
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Table I. 

+ “,+ p,+ 
" (x) = 

J x Fu tx,) Fa tx - xi) dxi 
0 

Tr QTT- P,_ 
J 0 

x Fd $1 Fc b - xi) dxi 

K+ (x) z 

3&3K+ JoX 
F&l Fstx-xl) dxi 

K- QK- p,- jox Fs (x1) FE tx - Xi) dxl 

QTT- P,- 2- (x) = J x 
0 

Fdtxi) FE(x-xi) dxl 
K- @K- P,- 

J 
ox Fs (x,1 F&x1) dxf 

+ yrrf p n+ 
x- (x) = J 0 

XFutxi) F$-l) dxl 

K+ 
“KePti JoX Fu(xi) F3(x-x1) dxi 

+ cylr+plr+ J x 

2- (x) = 
0 

Fu(xl) Fa(x-x1) dx 1 

K: 4KS ‘K s J x ’ (Fd (Xi) FE t 
O 2 

x-xi)+Fs(xl) F-$x-x1)) dxl 

$ (x) = 
YTO IT0 P Fiit x-xl)+Fdtxl) Fa(x-xi)) dx 1 

al3 vu J 
x ’ tFubi) F-(x - XL) + FdtXi) Fat,x - x1)+4 Fs(x&FG(x - x,)) dxl 

o6 s” 

+ 
E- (x) = 

aKtpe Jox Fu tx,) Fs (x - x1) dxi 

K: QKs13Ks x 
J 

’ tFd (Xi) FE t o 2 x-xi)+Fs(xl) Fdtx-xl)) dxl 
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Table II. 

xu(x) = xuv(x) + XC(X) 

xd(x) = xdv(x) + xii(x) 

xii(x) = xi(x) = 1.2 (1 -x)8 

xsbd = xS(x) = 0.135(1 -x) 5.75 

FERMILAB-Pub-77/95-THY 
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FIGURE CAPTIONS 
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a) The production of a TT 
+ 

meson by a quark 

fragmentation mechanism is shown. It is 

important to note that the x values of the pion 

(x =X 
‘TT 1 -x2) is less than that of the fragmenting 

u quark. Hence this process is suppressed at 

large x . TT 

b) Shown is the quark-antiquark recombination 

mechanism for rf production. We see that the 

x value (x Tr Tr = x1 +x2) is larger than either x 

values of the quark or antiquark. Hence this 

process can produce mesons at large x with a 

higher probability than the quark fragmentation 

process. 

c) V+ production via gluon fragmentation is shown. 

As in the case of quark fragmentation, the pion 

x value is less than the x value of the fragmenting 

gluon. 

d) The long tirne scale AT operative in meson 

production in the fragmentation region versus the 

short time scale At of deep inelastic lepton 

scattering is illustrated. This long time allows a 

significant fraction of the gluons to convert to 
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Fig. 2: 

Fig. 3: 

Fig. 4: 

Fig. 5: 

Fig. 6: 

quark-antiquark pairs and hence to contribute to 

meson production. 

The IT+/~- ratio is plotted versus x R for Fermilab 

data (Ref. 4) and ISR data (Ref. 7 and 8),.Several 

choices of the sea exponents n n are shown 
u’ d 

for uo= do0 

The K’/K- ratio is shown versus xRO The line 

through the data represents our fit obtained by 

setting u o=do=1.2 and ns=5.75. 

The r-/K- ratio is plotted versus xRO The line 

through the data is our fit obtained by setting so= 0.135 

having fixed uo=do=1.2, nu=nd=8.0and ns=5.75. 

The r’/K+ ratio versus xR is shown. Although 

this ratio is determined by the previous 3 ratios, it is 

interesting to observe the decrease of this ratio for 

increasing x 
R’ 

This is due to our choice of setting 

ns<n =n u d’ 

The invariant cross sections for fixed pT = 0.25GeV/c 

from Ref. 4 are shown. The lines through the data 

are the calculated x 
R 

dependencies of the model of 

Das and Hwa. Resonable agreement with the data 

is obtained. 
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Fig. 7: 

Fig. 8: 

Fig. 9: 

The determined quark distributions are plotted 

versus x. For example, xu(x) is the sum of the 

valence sea distribution xuv(x) taken from Field 

and Feynman (Ref. 1) and the sea distribution xi?(x) 

we have determined. The enhancement of the sea 

XC(X) = x3(x) is clearly shown. 

The predicted particle ratios are shown versus xR. 

(We have plotted these ratios for the entire xR 

range but emphasize that we expect these predictions 

to hold for xR> 0.5.) 

The cross section for ~.L+F- pairs versus the mass 

M 
P-P 

is shown.for the data of Ref. 15. Our cal- 

culation of the Drell-Yan cross section with our 

enhanced sea is shown as the solid line. The dotted 

line is the Drell-Yan cross section for the Field and 

Feynman (Ref. 1) sea distributions. Both calculations 

use the measured A dependence. 
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